Wastewater pipeline leakage is an emerging concern in Europe, especially with regards to the potential effect of leaking effluent on groundwater contamination and the effects infiltration has on the management of sewer reticulation systems. This paper describes efforts by Australia, in association with several European partners, towards the development of decision support tools to prioritize proactive rehabilitation of wastewater pipe networks to account for leakage. In the fundamental models for the decision support system, leakage is viewed as a function of pipeline system deterioration. The models rely on soil type identification across the service area to determine the aggressiveness of the pipe environment and for division of the area into zones based on pipe properties and operational conditions. By understanding the interaction between pipe materials, operating conditions, and the pipe environment in the mechanisms leading to pipe deterioration, the models allow the prediction of leakage rates in different zones across a network. The decision support system utilizes these models to predict the condition of pipes in individual zones, and to optimize the utilization of rehabilitation resources by targeting the areas with the highest leakage rates.
Introduction
The increasing volume of wastewater generated by increasing population densities in many cities around the world contributes to a growing range of negative environmental consequences. Wastewater leakage is one of these consequences as the infrastructure ages and is a growing concern, particularly in areas where groundwater is used for potable water consumption (Wolf et al., 2003) .
The ultimate solution to minimize leakage is the rehabilitation of pipelines. However, the established reactive strategies and methods of rehabilitation are both expensive and require capital-intensive technology. Rehabilitation of pipelines is an affordable option for developed countries, and some have succeeded in controlling pollution of receiving water and reducing sewer leakage levels. However, for many countries the cost of pipeline rehabilitation is prohibitive and a desired level of rehabilitation cannot be achieved; consequentially, a low quality of service is delivered to customers and there is a negative impact on the environment.
The chemical characteristics and stability of the soil environment are the principal factors that contribute to external deterioration and loading of pipes. Although pipe materials vary in sewer networks (i.e. vitreous clay, concrete, PVC, asbestos-cement, some ductile iron and cast iron), the soil chemical composition (pH, sulfates, chlorides), together with moisture and aeration levels, influence the deterioration of these pipe types, albeit in different manners (DeSilva et al., 2001) . The external deterioration, combined with unplanned stresses from soil movement (soil shrink/swell), traffic loading or, in the case of pressure pipes, through pressure surges, eventuates in leakage or failure. Therefore, detailed information on soil characteristics is a valuable indicator for predicting the temporal variation of pipe condition in sewer pipe systems. Internal deterioration from sulfide attack is also a major concern in concrete wastewater pipelines and cannot be discounted.
Due to increasingly strict environmental regulations in many countries, more scientific methods of quantifying the leakage from wastewater pipelines are currently being researched. This paper details some of the methods being developed to quantify exfiltration and infiltration from sewer pipelines, to allow water authorities to use this information as a precursor to planning their rehabilitation requirements.
Consequences of wastewater pipeline deterioration
Both infiltration and exfiltration are of concern to water authorities, but until recently most effort has been concentrated on infiltration. Whilst exfiltration takes place during dry weather, rainwater-induced infiltration occurs during wet weather. In zones with a high groundwater level, continuous groundwater infiltration takes place. Infiltration not only increases sewage treatment plant throughput, but when combined with inflow during storm events, it can contribute to sewer overflow and the spread of pathogens/coliform to surface and subsurface waters. Although the negative impacts of both types of leakage are well documented (Ellis, 2001) , methods of quantifying exfiltration and infiltration at pipe level have not been developed.
Gravity sewers are rarely installed without leaks at the joints. With settlement over time, the joint displacement may increase in some areas, leading to higher levels of infiltration and exfiltration. Settlement of pipes is sometimes accompanied with cracking of the pipes, aided by deterioration of the pipe wall, particularly concrete pipes exposed to sulfide deterioration. The consequences of this gradual deterioration are not only exfiltration and infiltration, but the damp conditions near the pipe, as well as nutrition accessibility, attract roots, leading to root blockages (Pohls et al., 2002) . Severe cracking allows migration of soil into the pipe, creating voids in the bedding surface and further disturbing the stability of the pipeline (Davis et al., 2001) In the presence of external loading (traffic or soil movement), structural collapse of the pipeline may eventuate. Based on this scenario, wastewater pipeline deterioration may be viewed as leading to four failure modes based on consequences, as set out in Table 1 For proactive rehabilitation management, it is useful to have a failure probability for each failure mode for every pipe in the network. In terms of failure probability, a gravity sewer is not a simple component because it has a number of failure modes with interrelated causes, which are hard to assess in terms of failure probability (Ashley et al., 1999) . Additionally, in most cases failure is difficult to define and depends on customer expectations. Some of the consequences of failure are also hard to assess at individual pipe level, and the practice has been to view consequences at network or catchment level. While methods have been developed to quantify exfiltration or measure infiltration/inflow to central wastewater treatment plants (Ertl et al., 2002; Rieckermann and Gujer, 2002 ; 
Exfiltration Pollution of ground water Infiltration
Compromising the hydraulic performance of the sewer system Blockages Impact on the hydraulic performance of individual pipes Structural collapse Total system failure and overflow of wastewater into properties and receiving waters Weiss et al., 2002) , network level information is not useful for proactive rehabilitation. Therefore, models are being developed to predict failure by the modes described above at pipe level. Depending on local environmental conditions, the gravity of the consequences can then be assessed and appropriate rehabilitation programmes implemented.
Development of failure models for wastewater pipelines
The traditional source of information on pipe quality available to wastewater authorities is CCTV inspection data. Although the CCTV reports provide only qualitative data, through broad assumptions it is possible to extrapolate the information to a quantitative assessment of pipe deterioration and an estimated failure probability. While some countries such as Germany have extensive CCTV records covering the majority of pipe assets, the norm is that they are only available for a few assets with known problems. As well as CCTV data, soil and terrain data over the sewer network area can help identify chemical and mechanical reactivity and water retention properties in the environment surrounding the pipes. These parameters help to rank the areas according to their likelihood of ground movement and the deterioration of pipe materials.
By correlating soils data with available CCTV information, generic data can be generated for assets for which CCTV information is not available. These principals were applied in the development of models in the European 5th framework AISUWRS and CARE-S projects. The models provide a quantitative size of defects in individual pipe lengths, both in the joints and pipe fabric, based on the pipe characteristics (material, size, age, slope, depth) and the soil type in which it is installed. These defect sizes are then utilized in independent models for the estimation of infiltration and exfiltration from the pipes depending on the wastewater flow volumes and groundwater levels. Figure 1 shows a schematic of the model development.
Modelling pipe deterioration
CCTV inspection reports identify defects in a sewer primarily by a code that classifies the defect type (i.e. crack, fracture, break, etc.), and secondarily the extent (i.e. width and length of a crack) and the orientation (by a clock hour position). By studying over 800 m of CCTV tapes of different sewer pipes installed in different soil conditions (in Melbourne, Australia), a set of generic curves describing the average defect area/m and joint separation width were constructed. Figure 2 shows the set of curves for vitreousclay sewer pipes installed in sandy soil. Another set of curves is available for clay soil, as well as for other pipe materials (concrete, PVC). While these curves are based on Melbourne data, it is expected they will be refined with more data from other sources for use in Europe.
Modelling exfiltration
Preliminary results of laboratory experimental work undertaken by Ellis et al. (2003) on joint defects, trench backfill effects, and pipe sediments suggest that sewer leakage may be random in nature but linked to pipe type, and hydraulic and groundwater circumstances. The model described here accounts for those factors and is based on leakage through defects on different sections of the pipe wall and joints. Since the depth of flow in a sewer varies during the day, the exfiltration volume will be governed by the depth of wastewater and the position of the defects (Figure 3 ). To quantify net exfiltration over 24 h, the model divides the pipe into four depth bands and integrates the exfiltration for hourly time spans depending on the depth during that hour and the defects that contribute to exfiltration at that depth. The depth at a particular hour depends on the wastewater flow profile.
The following assumptions were made for the development of the model: (1) The flow follows a set daily pattern and is assumed to be applicable for every day of the week. The pattern is based on typical weekday consumption. More complex patterns can be created as long as information on typical flows is provided by the water authority.
(2) The difference between peaks and troughs depends on the pipe size and location, but it tends to decrease as pipes become larger (sewer trunk mains). For the model, flow profiles need to be defined for different pipe sizes. Based on the experimental work by Rauch and Stegner (1994) and Vollertsen and Hvitved-Jacobsen (2003) , the exfiltration through pipe defects is modelled by Eq. (1):
where: A leak = leakage area (from pipe size, material, age, soil type, CCTV) (m 2 ), DH = height of water within pipe (m), DL = thickness of colmation layer (m), and k c = conductivity of colmation layer (m/s). The thickness of the colmation layer is assumed to be 10 mm and the corresponding permeability factor, k c , to be 2 £ 10 26 m/s for holes and cracks and 1.1 £ 10 26 m/s for open joints, as determined by Vollertsen and Hvitved-Jacobsen (2003) .
The validity of the model is based on a number of assumptions and its use needs to be considered according to this context. For example, the thickness of the colmation layer is assumed to be 10 mm, but it actually would depend on the soil, defect type, and wastewater characteristics; the defect distribution was obtained from observation of CCTV defects in pipes; however, experimental validation is complex and requires a large sample population due to variability in asset condition caused by manufacture, installation, soil type, and soil loads. Hence, a degree of uncertainty needs to be considered when analysing the results. Validation of this model was carried out through in-situ exfiltration measurements in sewers located in Melbourne, Australia, and Rastatt, Germany. While the measurements in Melbourne were obtained by filling pipe sections between manholes, the Rastatt measurements were carried out on individual defects using a specially constructed, double-packer leakage detection module (Held, 2003) , as shown in Figure 4 . This system also has limitations, as the internal colmation layer is disturbed by the module, and sealing between the module and the pipe is not perfect when the pipe is deformed or the internal surface has deteriorated.
Modelling infiltration
Infiltration will occur when a sewer pipe section is below groundwater level. As shown in Figure 5 , the groundwater pressure increases steadily with increasing depth. Close to a pipe defect, as the water enters the pipe through the defect, the pressure decreases, and finally reduces to atmospheric pressure inside the pipe. The infiltration calculation is based on:
(1) Water level difference between groundwater level and pipe defect (DH GW ).
(2) Cumulative opening size of defects in the pipe (A leak ).
(3) Hydraulic conductivity of the surrounding soil (k s ). It is assumed that during infiltration there is no colmation layer and only the saturated hydraulic conductivity of the soil applies. Furthermore, based on 3D modelling as shown in Figure 6 , it is assumed that the hydraulic conductivity of the sand is only a limiting factor for the first 10 cm near the pipe defect. At distances greater than 10 cm from the defect, supply of water is assumed to be unlimited due to the larger area available for recharge. In the absence of direct experimental evidence or other published information, this factor DL is set at 10 cm (or 0.1 m). Therefore, the infiltration model is:
Model validation is currently being determined by laboratory experiments, and more research is required on the definition of the 10 cm boundary layer.
Modelling blockages
Sewer blockages (referred to as chokes in some countries) are defined as:
When, due to some reduction in its cross-section, the capacity of the pipe to transport wastewater is reduced a "significant degree". A total sewer blockage occurs when the pipe can no longer transport the dry-weather flow, while a partial blockage reduces the hydraulic capacity of the pipe so that a rain incident, for which the pipe was originally designed, causes flooding. It is clear from the literature (Gould et al., 2003 ) that a sewer blockage is a complex phenomenon. It is often difficult to point out the reason for a blockage. Furthermore, it is clear that there are geographic differences between countries due to climate conditions and construction practices. In the CARE-S project, where the pipe rehabilitation methodology uses a multicriteria procedure, a tool that assesses blockage probability, consisting of three sub-tools, is being developed.
(1) Sub-tool 1, Asset Data Tool -this sub-tool assesses the probability of blockage based on asset data available in most water authorities. Input data is pipe type, material, year of construction, and diameter.
(2) Sub-tool 2, Processed Data Tool -this sub-tool assesses the probability of blockage based on data which is processed (not raw asset data). Input data are CCTV inspections (some defects are likely to induce blockages), pipe network position from GIS analysis (upstream end pipes are more likely to have blockages because of base flow and flow patterns), and results from simulations in hydraulic models (water velocity or shear stress in dry-weather flow is a major factor for blockages).
(3) Sub-tool 3, Roots Tool -this tool assesses the probability of root penetration leading to blockage based on information about proximity to vegetation, pipe material, diameter, joint type, soil type, and groundwater depth. These sub-tools are integrated in software that handles data import from the CARE-S database, and combines the results from the three sub-tools to return to the database an individual probability of blockage failure per year for every pipe in the network. The parameters in the sub-tools, and their significance to sewer blockages, were found by statistical analysis, and preliminary testing has revealed their relevance.
Modelling structural collapse
In general, two approaches are available to estimate the probability of structural collapse.
(1) Physical failure models that account for the actual mechanisms of degradation and their effect on the load carrying capacity of a sewer pipeline.
(2) Statistical models that are a useful alternative and forecast the residual service life of a sewer from previously recorded data describing how its condition has changed over time. Whilst physical models allow the influence of individual factors on the failure process to be investigated, they are often data-hungry and impractical.
Statistical survival models for predicting a break or collapse event by failure probability are well known for water distribution pipes. In recent years, a number of studies were carried out analysing lifetime data in water distribution networks (Herz, 1996; Baur and Herz, 1999; Røstum, 2000; Jarrett et al., 2001) . Statistical studies of sewer pipes rely primarily on the investigation of CCTV inspection results that have been interpreted into condition grades (Baur and Herz, 2002) . Because of the difficulties of defining failure in sewer assets, a number of different mathematical methodologies for data analysis have been proposed.
Cohort survival model. A cohort survival model was first formulated at Karlsruhe University by Hochstrate and Herz (Hochstrate, 2000; Herz, 2002) . In this model, a cohort consists of a group of similar sewers with the same year (or period) of construction that share features such as material type, diameter, slope, and other characteristics considered to influence their service lifetime. Within their lifespan, cohorts pass through different condition classes, from best to worst (the model requires condition monitoring of pipes within each cohort to be undertaken). Classified inspection data is used to determine the survival curves, which give the transition probabilities for each cohort as they deteriorate towards the worst condition class. These survival curves are then used to predict the number of years it is likely to take until a sewer will enter a critical condition.
Non-homogeneous Markov chain approach (NHMC). An alternative to cohort survival analysis is to model deterioration as movement between successive discrete states at discrete time intervals. This stochastic process can be formalized using the discrete time non-homogeneous Markov chain (NHMC) approach. Maximum likelihood techniques can then be used with a Weibull distribution to compute the time-dependent transition probabilities from CCTV data. This is done using a set of covariates that are assumed to account for the pipeline's susceptibility to deterioration (Le Gat et al., 1996) . The NHMC analysis provides estimates of the time-dependent probability that a sewer pipeline will 'jump' from its current condition class to the next most severe class. With sufficient information to supplement CCTV condition data, this time-dependent probability can be described in terms of relevant explanatory variables that govern the degradation process. Examples of these explanatory variables are material type, pipe size, and traffic loading.
After evaluation of different analysis methods, the NHMC approach was adopted in CARE-S as the model predicting structural deterioration. Preliminary software has been developed for inclusion in a tool for the calculation of long-term rehabilitation needs.
Development of a decision support system
Utilizing these models in a sustainable sewer management program requires inputs from consequence costs, rehabilitation costs, infrastructure lifecycle costs, and other key indicators of asset management that contribute to meeting the prescribed performance levels that satisfy service delivery benchmarks.
A primary requirement for applying the sewer pipe deterioration models is soil type data for the areas where the pipes are installed, as well as the groundwater level across the network area and the location of trees and other vegetation. In the absence of reliable soils information, knowledge of soil formation processes combined with geological maps of the area can be applied to forecast prevailing soil types in a landscape (Davis et al., 2003) . For example, it is known that soils in different geologies (basalt versus sandstone, for example) have different characteristics based on their position within the landscape. On this basis, every terrain pattern can be subdivided and different characteristics assigned relating to soil type. The data can include classifications relating to soil textures, pH and mechanical shrink -swell indices. This information, combined with asset information available in an asset database, provides most of the inputs required to predict sewer asset deterioration levels and, through the other models, the exfiltration and infiltration levels across the network, and the probability of blockage or structural failure. With this performance data, an economic analysis is performed on the level of maintenance or rehabilitation required to produce a desired level of performance and service. The outline of one possible decision support system is shown in Figure 7 .
To provide a user-friendly and practical tool for sustainable sewer management, the models and analysis tools previously described are gathered under a single frameworka decision support system -within CARE-S. The decision support system will allow the user to evaluate different rehabilitation and renewal strategies and their relative merits in terms of predicted future costs and consequences. This allows the user to:
(1) Rank rehabilitation options based on their predicted positive impact on system performance.
(2) Visualize predictions and observations in graphs, tables, figures, and reports. This will both improve understanding of the system, as well as simplify reporting and justification of chosen strategies. (3) Evaluate the expected consequences of a chosen rehabilitation strategy. (4) Plan ahead into future years in terms of what is an acceptable level of spending, and how the spending should be distributed between years and between actions.
Conclusion
Leakage occurs in wastewater infrastructure in the majority of urban centres, which can lead to contamination of the groundwater supply and soil with wastewater contaminents and pathogens. Traditionally, infiltration and exfiltration have been managed on a reactive basis and require extensive field analysis and evaluation to identify problem areas of the sewer network. This paper describes the development of sewer pipeline degradation models to aid a decision support systems for proactive, cost-effective, environmentally sustainable rehabilitation of wastewater pipelines. These are models based on specific pipe material deterioration, soil chemistry, and reactivity to identify the areas in which pipelines are more likely to deteriorate and develop leaks. The information is then applied so that the value of field evaluations can be optimized and resources better utilized to target areas of need based on scientific facts. Due to limitations in the quality and accuracy of data from network-wide information sources such as soil type for shrink -swell reactivity and CCTV reports for defect sizes, the underlying models required many assumptions and simplifications.
